Introduction
Currently 50 % of all cancer patients receive some form of radiation therapy (RT), including curative and palliative therapy with about 40 % patients receiving curative treatment, making it one of the most efficient and popular treatment modalities against cancer [1] . However, despite the obvious benefits of curing neoplastic diseases and extending survival significantly, RT tends to lead to acute and chronic effects in normal tissue [2] . Most RT studies indicate that treatment modalities associated with better tumor control and survival more often lead to normal tissue toxicity; therefore, adjuvant mitigators of normal tissue injury are needed for improving local tumor control and overall survival with RT [3] . Radiation injury occurring within days after exposure is classified as ''acute injury'' and often associated with direct damage to the stem cell and its niche, including the stroma and microvasculature. Late injury, which manifests months to years after exposure, is due to persistent oxidative and inflammatory signaling, aberrant stem cell regeneration, damage to the vascular stroma, and scarring. Among various pharmacological approaches used, cell transplantation is one of the most effective strategies in treating radiation injury [4 
Bone marrow transplantation (BMT) has been an attractive treatment option for various pathologies including radiation injury. Traditionally, BMT is used for bone marrow injury that involves loss of hematopoietic stem cells. Although bone marrow-derived stromal progenitor cells (SPC) were initially assumed to contribute only to the HSC niche, it has become increasingly evident that the stromal progenitors derived from bone marrow (BM-SPC) or adipose tissue (Ad-SPC) contribute to extramedullary regeneration and repair, including recovery from radiationinduced gastrointestinal, pulmonary, and renal injury [7] [8] [9] . This review briefly covers the beneficial role of SPCs or BM-derived stromal cells in mitigating radiation injury, especially that pertaining to radiation-induced gastrointestinal syndrome (RIGS). The progression of radiation toxicity over time and the manifestation of acute and consequential delayed injuries from acute exposure, along with the mechanisms involved, are depicted in Fig. 1 . The figure also describes the beneficial role of SPC or MSC at various stages of acute and delayed injury of the GI tract.
RIGS and Stromal Injury
Radiation-induced gastrointestinal syndrome (RIGS) results from a combination of direct cytocidal effects on intestinal crypt and endothelial cells and subsequent loss of the mucosal barrier, resulting in microbial infection, septic shock, and systemic inflammatory response syndrome (SIRS) [10] . The intestine is also a model for an ''early responding'' tissue that is frequently targeted by DNAdamaging agents, such as ionizing radiation (IR), resulting in RIGS. It is due in part to ISC depletion and signaling defects of IR-damaged ISC niche, thus providing an ideal model system to study intestinal stem cell (ISC) growth and differentiation in response to radiation-induced intestinal injury.
The mammalian intestinal mucosa is a rapidly proliferating tissue and is a model for tissue parenchymal cells originating via hierarchical cell proliferation and differentiation from stem cells, in this case the ISC located in the intestinal crypt. The intestinal crypts are surrounded by a variety of supporting cells, including mesenchymal-derived cells, microvascular endothelial cells, macrophages, and lymphocytes. These stromal cells provide the niche and supply critical growth factor/signals for ISC regeneration; thus, acute injury to the stroma is also highly detrimental to the ISC function. While IR induces apoptosis of ISCs, crypt endothelial cells, and enterocytes within hours in a dose-dependent manner, stromal components play critical role in preserving the ISC function. For instance, recruitment of host myelomonocytic cells and mesenchymal stem cell to irradiated GI region has been shown to improve GI regenerative capacity and maintain function when the stroma is damaged by irradiation [5 • , 11] .
Intestinal Stem Cells Homeostasis and Radiation Sensitivity
ISCs proliferate and migrate either toward the villus while differentiating into enterocytes, goblet, and enteroendocrine cells, or toward the crypt base while differentiating into Paneth cells. The severe gastrointestinal side effects of radiotherapy (RT) have been attributed to radiation-induced death of ISCs. The early mitotic arrest and cell death occurring in these stem cells, coupled with continued migration of differentiated daughter cells toward the extrusion zone at the villus apex, results in cellular depletion of the crypt while attempting to maintain the villus mass [12] . Shrinkage of the villus commences after crypt depletion is completed, leading to involution of the mucosa and formation of frank ulcers with consequential metabolite and electrolyte imbalance, diarrhea, and sepsis secondary to the entry of microbial agents in the systemic circulation. Within 3-4 day post-RT, epithelial regeneration proceeds from a few surviving cells out of a larger clonogenic population, seen as microcolonies of 10 or more crypt cells [12] . By day 7 post-RT, the process of crypt budding provides new crypts with their own stem cells. Thus, after a cytotoxic insult induced by RT or drugs, ISCs and their immediate progeny are capable of dividing to regenerate an entire functional intestinal epithelium.
Differential sensitivity of critical tissue elements of the GI tract to radiation-induced cell death is observed in a dose-dependent fashion. ISCs are heterogeneous, and comprise both active cycling stem cells as well as quiescent reserve stem cells that mediate regeneration after injury [13] [19] . Importantly, in contrast to Lgr5? and Dll1? cells that are radiosensitive, Krt19 ? stem cells are radioresistant, and thus in response to 12 Gy WBI, robust intestinal regeneration occurs from Krt19? cells. These two studies used 12 Gy WBI and BMT as a model, and found that BMT was able to extend the survival in mice and allowed for the completion of lineage-tracing experiments for up to 60 days post-WBI. In contrast, studies by Saha et al. [4 •• ] indicated that at higher radiation doses ([12 Gy), BMT alone was not efficient and mice succumbed to RIGS within 2 weeks post-AIR. This latter study also showed that the SPC population was essential for mitigating RIGS. Taken together, these studies also emphasized the important role of both myeloid and stromal progenitor cells in intestinal epithelial regeneration and post-irradiation survival.
Microvascular Endothelial Cell Injury in RadiationInduced Gastrointestinal Syndrome (RIGS)
Irradiation induces apoptosis in endothelial cells primarily via the ceramide pathway [20] . Previous studies have demonstrated that microvascular endothelial apoptosis represents a critical response to tissue damage in the irradiated lungs of C3H/HeJ mice, and intravenous administration of an endothelial growth factor, such as basic fibroblast growth factor (bFGF), partially abrogated the radiation injury [21] . In a similar study, angiogenic growth factors, such as bFGF and VEGF, were found to be radioprotective for RIGS when administered 24 h before or 1 h after irradiation [22] . Since these factors did not stimulate crypt proliferation, the mechanism of radioprotection remained elusive. Paris et al. reported that a single large dose of radiation administered to the mouse gastrointestinal tract primarily damages the endothelial cells of the gut microvasculature [23] . Since ISCs reside in the crypts of Lieberkühn and are separated from the microvasculature by a very short distance (*100 um), this close apposition enables endothelial cells and epithelial progenitors to communicate with each other by the release of growth factors and hormones, in addition to diffusion of nutrients and oxygen from blood vessels to the ISC niche. Thus, these investigators concluded that the death of ISCs might be a secondary event, resulting from the demise of the niche endothelial cells upon which stem cells depend.
In support of this postulate, these investigators prevented RIGS by inhibiting endothelial cell apoptosis pharmacologically with intravenous bFGF, or genetically in mice by deletion of the acid sphingomyelinase gene that encodes the enzyme necessary for the production of the second messenger, ceramide, a proapoptotic lipid that facilitates endothelial cell death [23] . Microvascular endothelial cells express the receptor for bFGF, whereas epithelial stem cells of the intestinal crypts do not, suggesting that bFGF protects the gut mucosa from radiation damage through its effects on endothelial cells. The relative contribution of endothelial, as opposed to epithelial, injury in the ARS syndrome remains to be established, and remains controversial. For example, Coderre and colleagues applied a selective microvasculature radiation technique using intravenous administration of 10 Boronated liposomes [24] . In this model, the threshold dose for death from RIGS after neutron-beam-only irradiation was 9.0 ± 0.6 Gy, whereas there were no deaths from RIGS, despite calculated absorbed doses to endothelial cells as high as 27.7 Gy from boronated liposomes. This suggests that endothelial cell damage is not causative in the loss of intestinal crypt stem cells and the eventual development of RIGS. Therefore, a two-compartment model has been proposed [25] , where radiation-induced cell death in both intestinal endothelial and crypt stem cells contribute to RIGS. Thus, when intestines of mice were protected against microvascular apoptosis by bFGF administration, higher radiation doses ([16 Gy) are needed to activate the ceramide synthase-mediated crypt stem cell apoptosis program required to initiate intestinal damage.
Therapeutic Application of Stromal Progenitor Cells (SPC) in Radiation Injuries of the Gastrointestinal Tract

Mitigation of RIGS
Radiation-induced gastrointestinal syndrome (RIGS) results from stem cell and villi depletion, loss of mucosal barrier, infiltration of enteric bacteria into circulation, endotoxemia, and acute inflammatory response. The response of pathogen-free mice to whole-body irradiation (WBI), where rapidly proliferating hematopoietic progenitor cells are also damaged, is quite different from that observed with the abdominal irradiation (AIR) model, where the hematopoietic progenitors are not damaged [26] . Gastrointestinal injury related to RT is similar to the AIR model, whereas the injury observed in a WBI model is more typical of multiorgan failure. In addition to the GI toxicity related to RT, RIGS is a critical concern for a mass casualty scenario, where a large population is exposed to a high dose of ionizing radiation, likely involving both whole-body (WBI) or partial-body (PBI) exposure, with a high risk of gastrointestinal toxicity and related injuries. To date, there are no treatment options available to remedy RIGS in humans. Studies by Saha et al. [4 • • ] demonstrated that bone marrow adherent stromal cells (BMASC) given 24 and 72 h post-lethal doses of WBI mitigated acute radiation injury to the gastrointestinal tract, and improved post-irradiation survival dramatically by stimulating stem cell proliferation and crypt regeneration, thereby reducing mucosa disruption and permeability. The bone marrow adherent cell population used in the studies was characterized as a combination of mesenchymal stem cells (MSC), endothelial (EC), and myeloid cells. Depletion of either the myeloid or non-myeloid fraction led to significant loss of post-irradiation survival, indicating that the mitigating mechanisms involved both MSC and myeloid cells. These effects were observed in a WBI model where host bone marrow was also exposed to a lethal dose of radiation, and in an abdominal irradiation model (AIR), where most of the BM was spared; thus, the effect of BMASC was primarily from donor-derived cells. Interestingly, depletion of host myeloid cells by clodronate liposomes resulted in reduction in post-irradiation survival by BMASC treatment, implying a critical supporting role for host-derived macrophages [4 •• ] . This study indicated that donor BMASC and host cells are equally important in the mitigation of radiation injury.
Similar results were obtained in independent studies reported by Chang et al. [27] , where a different source of MSC-human adipose-derived mesenchymal stem cells (Ad-MSC)-were used to mitigate acute injury from lethal dose of AIR in rats. The authors described the mechanism of action as a combination of (i) reduction in inflammation as hallmarked by reduced myeloperoxidase (MPO) activity and increased IL10 levels, (ii) increased neovascularization in the irradiated tissue, and (iii) increased proliferation in Bmi1-positive intestinal stem cells. Studies by Ch'ang et al. [5 • ] reported that BMT in lethally irradiated mice rescued intestinal mucosa, increased stromal cell proliferation, and improved post-irradiation survival. Although these studies utilized a conventional BMT strategy and not the stromal or adherent population, the results indicated that BMT increased the recruitment of host stromal and myelomonocytic cells in the irradiated intestines, despite poor engraftment of donor cells in the intestine. Depletion of host myelomonocytic cells by carrageenan abolished the increase in post-irradiation survival in mice by BMT. It is important to note that the efficacy of BMT was somewhat limited, and beneficial only at specific radiation doses. Garg et al. [28] also reported that BMT was able to rescue intestinal mucosa in mice exposed to 8-10 Gy WBI, a dose where hematopoietic damage is the major causative factor leading to death. The author showed increases in peripheral blood cells as a result of BMT, but also a subsequent increase in the recruitment of donor macrophages to the intestine and a reduction in intestinal permeability. Beneficial effects of SPC in mitigating radiation-induced gastrointestinal injuries are summarized in Table 1 .
Radiation Enteritis (RE)
RE is the most prevalent complication from RT of abdominal and kidney cancers, and *75 % of cancer patients undergoing abdominal RT treatment suffer from side effects related to RE. Recent studies [29] show a positive correlation between systemic inflammation, nutritional status, and chronic RE. Acute RE occurs around 2 weeks post-treatment and is associated with mucosal barrier loss, epithelial denudation, nutrient loss, infiltration of leukocytes into the lamina propria, and inflammatory responses such as mucosal ulceration. Ischemia, necrosis, and fibrosis, on the other hand, are the classical features of chronic enteritis, which typically manifests around 8-12 months post-treatment [30] . Currently there is no standard evaluation system for assessing radiation enteritis, other than symptoms, and the use of pharmacological intervention is not approved. Albeit several mouse studies show promising effects of BMSC in radiation injury, few reports show their therapeutic efficacy in large animal models. Xu et al. [31] demonstrated that BMSCT significantly increased intestinal epithelial regeneration, reduced the clinical symptoms associated with chronic enteritis, and improved survival in lethally irradiated dogs. BMSCT significantly reduced the frequency of nausea and vomiting, a prognostic indicator of radiation injury and mortality.
Pelvic Radiation Disease (PRD)
Cancers in the pelvic region are one of the most frequently diagnosed cancers and the treatment often requires RT [32, 33] . The incidence of radiation toxicity from pelvic RT depends on the volume and duration of the treatment course, about 4-10 % patients experience life-threatening effects of pelvic RT [34 • ]. As survival is prolonged following successful treatment, the incidence of pelvic radiation disease continues to rise, with the number of patients developing PVD now twice the number of that with Crohn's disease [32] . Because the symptoms of PRD are similar to many other bowel disorders, comprehensive care and management of symptoms tailored to RT toxicity are not currently available, with limited interventional strategies including hyperbaric chamber and surgery [30] . Additionally, the toxicity also depends on several risk factors such as diabetes, inflammatory bowel disease, body mass index (BMI), and smoking [35] . Acute toxicity develops during the second week of radiation treatment, and peaks by the 5th week, where histological changes are most prominent. Delayed toxicity (after the 5th week) is more common, with almost 90 % patients developing permanent changes in the GI tract, and 50 % of patients end up with a significant decline in quality of life [33] . The most frequently reported symptoms of toxicity from pelvic RT include rectal bleeding, bloating, vomiting, abdominal cramps, constipation, diarrhea, fecal incontinence, lactose intolerance, abdominal, rectal, and anal pain. Use of probiotics or antibiotics relieves some of the symptoms such as diarrhea, and motility changes; however most of the symptoms remain refractory to treatment. Delayed toxicity effects such as ulceration, stricture formation, and obstruction are even more critical and newer approaches are needed to prevent these complications [33] .
Several interventional strategies are used to reduce the extent of PRD, including antioxidants such as amifostine and probiotics [35] . Amifostine was shown to be beneficial for reducing acute toxicity, but did not improve chronic PRD, while probiotics had similar effect with no significant benefit in delayed toxicity. Studies by Semont et al. [36] used a rat model to establish PRD histologically comparable to human disease. The authors demonstrated that infusion of BM-SPC (devoid of hematopoietic cells) reduced radiation-induced colonic ulceration, increased recruitment of host MSC to the irradiated tissue, and induced colonic epithelial regeneration by non-canonical Wnt activation, consequently leading to improvement in post-irradiation survival. Additionally the authors also analyzed other functional endpoints, including improvement in colonic mucosal damage, extent of fibrosis, vascular sclerosis, and muscular dystrophy, leading to overall improvement in late injury in the presence of MSC with the exception of the fibrosis scoring. This model did not analyze other organs in the pelvic cavity that may have shown radiation-induced acute and delayed injury. Feasibility studies using systemic administration of MSC in patients with intestinal lesions showed substantial benefit in hemorrhage reduction [34 • ]. The treatment was well tolerated and the MSC cultures exhibited genomic stability. Further studies are being currently undertaken based on these results. 
Reduction in GI permeability
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Increase in intestinal epithelial regeneration
Radiation enteritis (dogs) [30] Bone marrow-derived mesenchymal stem cells Radiation proctitis (pigs) [40] Radiation Proctitis
Radiation proctitis is defined as a radiation injury to the lining of the rectum primarily as a result of prostate radiation [37, 38] . The onset of acute toxicity is observed as early as 2 weeks into the radiation treatment, and observed in *13 % of patients with intermittent bleeding, cramps, constipation, and mucoid discharge. Currently there are no medical interventional strategies to treat radiation proctitis and alleviate the symptoms other than surgery. Studies by Linard et al. showed successful administration of autologous bone marrow-derived MSC for mitigation of radiation proctitis in pig model [39] . Endoscopic and histological evaluation of pigs treated with MSC showed significant reduction in acute inflammation, infiltration of leukocyte at the site of injury, and delayed effects such as vascular injury, remodeling, and fibrosis. Table 1 . Additionally, reports also indicate that SPC exosomes increase ATP levels in cardiomyocytes, preventing ischemia injury [50] .
Potential Role of Stromal Progenitor Cells in Mitochondrial Replacement Therapy
More recently, mitochondrial replacement therapy is being viewed as a new paradigm shift in regenerative molecular medicine. In addition to mitochondrial genetic disease [51] , altered biogenesis and mitochondrial exhaustion is the leading cause of several oxidative disorders, including chronic obstructive pulmonary disease (COPD) and agingrelated degenerative pathologies [52] . Beneficial effects of mitochondrial transfer are observed in ischemic perfusion model and in metastatic cancer cells [53] . An interesting study by Islam et al. [54] showed that bone marrow-derived stromal progenitor cells were able to transfer mitochondriacontaining microvesicles to the epithelial cells of a rat exposed to lipopolysaccharide (LPS) injection in an acute lung injury model; this transfer was also associated with increased ATP activity. Thus, MSC are also emerging as a source of healthy mitochondria for the treatment of diseases associated with mitochondrial mutation and defects in bioenergetics.
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Conclusion and Future Perspectives
Overall, SPC exert their effects by repairing, replacing, or reprograming damaged cells. Although the mechanisms by which they exert these various effects remain incompletely defined, recent studies have emphasized the role of secreted extracellular vesicles as a dominant pathway in their mechanism of action. The development of stromal progenitor cells (SPC) or MSC into a highly evolved regenerative cell-based therapy for a variety of diseases-ranging from inflammatory (colitis, enteritis, inflammatory bowel disease, pulmonary fibrosis, bladder fibrosis), autoimmune (graft versus host disease in transplants), regenerative (wounds, burns, scars, radiation injury)-is striking but not surprising. However, transition from preclinical studies into clinical studies has been somewhat limited due to uncertainties regarding the multipotent nature of SPC and technical difficulties in their expansion. BM-derived SPC are poorly proliferative compared to the adipose-derived SPC, and the difference in their proliferative capacity has been attributed to higher expression of SDF-1 in Ad-SPC [27] . The stability of transplanted and engrafted SPC remains to be one of the critical concerns in future clinical studies with MSCs; however, MSC have been shown to be highly immune tolerant and genomically stable, and thus they continue to be highly promising. Use of secreted vesicles from SPC is another emerging area that could in theory render whole cell transplants obsolete, since all of the beneficial effects of MSC might be transferred to patients in the form of their secreted vesicles. In the context of radiation injury, especially of the GI where epithelial, mucosal, endothelial, and immune components are simultaneously destabilized and damaged, SPC therapy offers great therapeutic promise.
